Iron-based superconductors can be categorized as two types of parent compounds by considering the nature of their temperature-induced phase transitions; namely, first order transitions for 122-and 11-type compounds and second-order transitions for 1111-type compounds. This work examines the structural and magnetic transitions (ST and MT) of CaFeAsH by specific heat, X-ray diffraction, neutron diffraction, and electrical resistivity measurements. Heat capacity measurements revealed a second-order phase transition accompanies an apparent single peak at 96 K. However, a clear ST from the tetragonal to orthorhombic phase and a MT from the paramagnetic to antiferromagnetic phase were detected. The structural (Ts) and Néel temperatures (TN) were respectively determined to be 95(2) and 96 K by X-ray and neutron diffraction and resistivity measurements. This small temperature difference, Ts − TN, was attributed to strong magnetic coupling in the inter-layer direction owing to CaFeAsH having the shortest lattice constant c among parent 1111-type iron arsenides. Considering that a firstorder transition takes place in 11-and 122-type compounds with a short inter-layer distance, we conclude that the nature of the ST and MT in CaFeAsH is intermediate in character, between the second-order transition for 1111-type compounds and the firstorder transition for other 11-and 122-type compounds.
I. Introduction
Current interest in iron-based superconductors is focused on developing an understanding of the mechanism of superconductivity and determining the relationship between structural transitions (STs) and magnetic transitions (MTs) of the so-called parent compounds. [1] [2] [3] Typical iron-based superconductors compounds include 122-type AeFe2As2 (Ae = alkaline earth and Eu) [4] [5] [6] [7] [8] [9] and 1111-type LnFeAsO (Ln = lanthanide) [10] [11] [12] [13] [14] [15] [16] [17] [18] or AeFeAsX (X = H, F) [19] [20] [21] [22] [23] a MT from a paramagnetic to antiferromagnetic (AFM) take place at the same transition temperature above 100 K. [24] [25] [26] [27] However, for 1111-type compounds, these transitions are of a second-order-type and the transition temperatures are distinctly separated [i.e., the ST (Ts) is greater than the Neel temperature (TN)]. 28, 29 Superconductivity emerges when two transitions are suppressed by carrier doping or applied pressure.
The ST and MT transitions of 122-type compounds may be classified into three regions depending on the carrier concentration and the applied pressure; 30, 31 and a NaBH4 (or NaBD4) mixture acted as an excess solid hydrogen source. 41 The final product was synthesized at 1173 K under 2.5 GPa for 30 min with the use of a belt-type high-pressure anvil cell. 42 The temperature dependence of the specific heat (Cp) was measured in the temperature range of 2 to 300 K by a relaxation method with the use of a physical property measurement system (PPMS, Quantum Design, Ltd.). The temperature rise for each relaxation was set to be 2% of the sample temperature. The relaxation method estimates the specific heat of samples by measuring the thermal response and analyzing its relaxation process. 43, 44 An advantage of this method is that it requires a smaller amount of sample (a few milligram) than the adiabatic method which requires a few gram of sample and the experienced technique. 45 In spite of the simplicity of measurement, the measured heat capacity by relaxation technique falls within a range of ± 2% deviation of values measured by adiabatic technique which provides the most accurate data among the all specific heat measurements. On the other hand, when the relaxation is across a first order transition temperature, the estimated specific heat is significantly underestimated compared to the value measured by adiabatic technique. However, the disadvantage is resolved by adopting scanning analysis described in results section. The electrical resistivity (ρ) measurements were performed in the same temperature range with the PPMS. XRD patterns were measured for CaFeAsH sealed in a glass capillary with the diameter of 0.5 mm using a Bruker D8 Advance with monochromatized Mo Kα1 radiation (λ = 0.7093 Å). For low temperature measurements, the capillaries were cooled by gasflow methods using cold N2 gas above 95 K and He gas below 95 K. Neutron powder diffraction (NPD) was performed with the neutron total scattering spectrometer (NOVA) To estimate the transition entropy, the lattice and electronic contributions were extracted from the data over the whole temperature range. We estimated these contributions using the function given in Eq. (2),
where γ is the Sommerfeld coefficient, CD and CE are the Debye and Einstein terms, respectively, and k determines the contribution of the Debye term to specific heat. The parameters CD and CE are respectively given by Eq. (3) and (4):
where N is the number of atoms per formula unit (N = 4 for orthorhombic CaFeAsH) and R is the molar gas constant. Generally, in order to reproduce the experimental specific heat at high temperature region, the contribution of excited optical modes have to be included as well as the acoustical modes which are expressed by the Debye model. FeTe, respectively). 25, 59 In the normal relaxation method, the specific heat at each temperature is obtained by fitting the temperature-time relaxation curve. However, if the sample temperature crosses the first-order phase transition point, the temperature relaxation curve is deformed, as illustrated in Figure 1(c) , and the specific heat cannot be accurately determined by this relaxation method. In Figure 1(d) , we plot the observed temperature-time relaxation curve across the specific heat jump. There is no plateau region derived from the latent heat associated with the first-order phase transition [24] [25] [26] 59 and the temperature-time relaxation curve is well fitted by a linear combination of two exponential functions with different time constants.
A scanning method is an alternative way to estimate the specific heat, especially close to the first-order phase transition. 60 Because the scanning method directly obtains the specific heat from the time differential of the relaxation data, it can correctly trace the steep change of the specific heat at the first-order transition; however, this parameter is always underestimated by the normal relaxation method. In Figure 1 the Bm of 1111-type compounds is higher than those of 11, 111, and 122-type compounds (see Figure S1 ). Hence, the smaller Ts − TN of CaFeAsH than that of CaFeAsF can also be understood in terms of the smaller Bm owing to substitution of H − for F − in CaFeAsF.
Next, we discuss the effect of the interlayer distance and Bm on the Ts − TN of other iron-based superconductors, including 11-, 111-, and 122-type parent compounds.
We first plotted Ts − TN versus their Bm ( Figure S1 ). Although the overall trend obeyed the theoretical prediction (i.e., Bm increases from ~30 GPa for FeTe to more than 80 GPa for 1111-type compounds), Ts − TN appeared to increase and it was difficult to find a clear relationship among these parameters. However, we found a clear correlation between Ts − TN and the inter-layer distance, as shown in Figure 5 . The value of Ts − TN monotonically increased as the interlayer distance increased, except for 111-type compounds. The deviation of 111-type NaFeAs from the general trend could be attributed to carrier doping produced by a partial Na deficiency. 76 Owing to CaFeAsH having the shortest interlayer distance among 1111-type compounds, the Ts − TN was located between other parent 1111-type and 122-, 11-, and 111-type compounds.
Finally, we quantitatively compared the characteristics of the STs and MTs of
CaFeAsH with those of 122-, 111-, and 11-type compounds. If we adopted the Heisenberg-type local magnetic exchange model, the temperature difference between Ts and TN of the parent compounds is directly calculated from only J1, J2, and Jz (in-plane nearest, next nearest, and out-of-plane magnetic couplings, respectively) without considering the lattice softness. 3, 61, 73 
